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ABSTRACT 
The demand for clean, sustainable, and cost-effective energy continues to increase 
due to global population growth and corresponding use of consumer products. 
Thermoacoustic technology potentially offers a sustainable and reliable solution to help 
address the continuing demand for electric power. A thermoacoustic device, operating on 
the principle of standing or traveling acoustic waves, can be designed as a heat pump or a 
prime mover system. The provision of heat to a thermoacoustic prime mover results in the 
generation of an acoustic wave that can be converted into electrical power. 
Thermoacoustic devices offer highly reliable and transportable power generation 
with low environmental impact using a variety of fuel sources. Heating and cooling sources 
are necessary to create the required thermal gradient. This technical strategy is 
environmentally friendly as it utilizes noble gases, or air, as the working fluid and does not 
directly produce harmful emissions. Due to the inherent simplicity and limitation of 
moving components, thermoacoustic devices require little maintenance and have a 
forecasted long operational lifespan.  
This research study will present the design considerations necessary to construct a 
traveling wave thermoacoustic heat engine. The modeling, analysis, fabrication, and testing 
with integrated sensors will be discussed to offer insight into the capabilities and subtleties. 
Performance testing and system analysis have been completed for a variety of heat input 
profiles. For a 300 W heat source, the thermoacoustic engine generates a 54 Hz acoustic 
wave with a thermal efficiency of 7.8%. The acoustic power output of the thermoacoustic 
iii 
engine may be increased by 81.5% through improved heat exchanger design. Potential 
future research efforts to improve system performance are also presented. 
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Chapter One 
INTRODUCTION 
The global demand for energy has increased throughout history and is expected to 
increase as the population grows. Coal and oil have been the world’s primary source of 
energy but threating environmental concerns and dwindling fossil fuels are promoting a 
shift towards alternative energy sources, shown in Figure 1.1.  
 
 
Figure 1.1: Global energy consumption by source [1] 
 
Investments in renewable energy sources have increased to reduce fossil fuel dependence, 
and a variety of fuel sources are predicted to increase in the next 20 years to meet the 
growing energy demand, observed in Figure 1.2.  
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Figure 1.2: Projected energy demand by source [2] 
 
 
Greater reliability and efficient production can be achieved by implementing a diverse 
portfolio of energy sources and a distributed energy network to meet growing energy 
demand. Thermoacoustic power can play an important role in expanding the energy source 
portfolio and aid in the solution of environmentally friendly energy production. 
The field of thermoacoustics attempts to define the interaction between acoustics 
and thermodynamics. Thermoacoustic concepts can be applied to create devices capable of 
electric power production and/or heat pumping applications. For example, a 
thermoacoustic engine converts input heat into acoustic power, which can be further 
converted into electrical power through the application of an acoustic-to-electric power 
conversion device, such as a bi-directional turbine. Figure 1.3 represents the basic 
conversion process of a thermoacoustic prime mover (engine) and heat pump (refrigerator).  
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 (a) 
 
(b) 
Figure 1.3: Thermoacoustic conversion process - (a) prime mover, and (b) heat pump 
 
Thermoacoustic systems boast high reliability and reduced maintenance 
requirements due to a lack of mechanical components. Thermoacoustic devices are solid 
state devices with an acoustic-to-electric conversion device as the only dynamic 
component. They do not require lubricating fluids, nor considerable routine or preventive 
maintenance efforts. The devices are self-starting, further improving reliability. 
Thermoacoustic engines can be designed for a variety of fuel sources, since the only 
requirement is a sufficient heat source, thus improving application flexibility. For example, 
a thermoacoustic engine can utilize concentrated solar or low-grade industrial waste heat 
if the heat exchangers are designed properly [3, 4]. Construction does not require exotic 
materials, tight tolerances, nor critical dimensions for successful operation [5]. System 
configuration and input energy source determine the thermoacoustic function of the core 
as either a heat pump or prime mover. But perhaps the most enticing characteristic of 
thermoacoustic devices is the use of environmentally friendly working fluids, such as air 
or noble gases. Thermoacoustic engines can be scaled to produce substantial amounts of 
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acoustic power and bi-directional turbine technology can convert these high levels of 
acoustic power into electrical power [6]. 
1.1 Literature Review 
Acoustic oscillations result in small temperature variations within the sound wave’s 
propagation medium. In 1816, Laplace increased Newton’s initial speed of sound in air 
calculation by 18% by accounting for temperature variations resulting from the expansion 
and compression of a sound wave [7]. This relationship of temperature and acoustic waves 
was first qualitatively described by Lord Rayleigh in 1878, stating: “If heat be given to the 
air at the moment of greatest condensation or taken from it at the moment of greatest 
rarefaction, the vibration is encouraged.” [8, 9]. However, early glassblowers were likely 
the first to notice the thermoacoustic phenomena when connecting narrow tubes to hot 
masses of glass and observing the production of a pure tone [7, 10]. 
The first formal experimentation involving the conversion of heat into sound was 
performed by Higgins in 1777, in which a hydrogen flame was placed inside an open glass 
tube and acoustic oscillations were observed [11]. This experiment was termed the “singing 
flame”, displayed in Figure 1.4a.  
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             (a)                 (b)                   (c) 
Figure 1.4: Early thermoacoustic devices - (a) Higgins singing flame, (b) Rijke tube, and 
(c) Sondhauss tube 
 
Rijke developed a similar design but replaced the hydrogen flame with heated wire-gauze 
discs, displayed in Figure 1.4b. Rijke determined that the presence of an ascending current 
of air is necessary, as the sound would cease if the tube top was enclosed. He also 
discovered that the maximum intensity of sound was produced when the heated wire gauze 
was placed at a distance ¼ of the entire tube length from the bottom of the tube [12]. In 
1850, Sondhauss constructed an early predecessor to the standing wave prime mover [10]. 
The Sondhauss tube is a long open glass tube connected to a closed bulb, observed in Figure 
1.4c.  When the bulb is heated, the device emits a sound characterized by the length of the 
tube [11]. A longer tube or larger bulb produces a deeper, lower frequency, tone [11]. 
Unlike the singing flame or Rijke tube, the device is operated horizontally and does not 
require an ascending current of air for proper operation [11]. It was not until 1950 that Bell 
Telephone Laboratories generated patents that intended to utilize the thermoacoustic effect 
to generate electricity. The device utilized the Sondhauss concept and an acoustic-to-
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electric transducer (typical audio speaker operating in reverse) to generate electricity [13]. 
However, this device’s efficiency was too low to be considered useful [13].  
The Sondhauss concept was improved by Carter et al. in 1962 by incorporating a 
stack of parallel plates to improve the heat transfer characteristics [10]. Modern standing 
wave thermoacoustic engines use these concepts to generate acoustic power from a heat 
source. A stack is placed between high and low temperature heat exchangers to produce a 
steep temperature gradient that converts heat into work in the form of a standing wave [10]. 
This work/power can be converted into mechanical power and then further converted into 
electrical power, typically through the application of a piston and flywheel combination or 
linear alternator. The acoustic power generated from input heat could also be used to drive 
a thermoacoustic heat pump. A schematic of a typical modern standing wave 
thermoacoustic engine is displayed in Figure 1.5.  
 
 
Figure 1.5: Modern standing wave engine schematic 
 
 The mathematical modeling of small-amplitude damped and excited oscillations in 
tubes containing an axial temperature gradient was accomplished by Nikolaus Rott 
beginning in 1969 and he was the first to coin the term thermoacoustics [11]. Los Alamos 
Hot Heat Exchanger Cold Heat Exchanger Resonator Stack 
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National Laboratory began a thermoacoustic research program in the 1980’s to 
experimentally confirm Rott’s theoretical models and further develop the design of 
thermoacoustic devices [11]. In 1979, Peter Ceperley introduced a new thermoacoustic 
device concept, the traveling wave thermoacoustic engine. Ceperley proposed a traveling 
wave thermoacoustic device is inherently reversible and capable of higher efficiencies than 
standing wave devices [14]. However, it was not until 1998 that Ceperley’s traveling wave 
prime mover concept was successfully demonstrated at low conversion efficiency [15]. A 
year later, Swift and Backhaus of Los Alamos National Laboratory developed and analyzed 
a hybrid thermoacoustic-Stirling heat engine that greatly improved efficiency by reducing 
viscous flow losses and heat streaming [16]. The design combines a standing wave 
resonator coupled to a traveling wave section intended for power amplification. This 
thermoacoustic engine was capable of 30% efficiency, corresponding to 41% Carnot 
efficiency, but in 2011 Tijani and Spoelstra increased the efficiency of this thermoacoustic 
engine design to a record setting 32% efficiency, corresponding to 49% Carnot efficiency 
[17].  
 Some of the most recent innovations and commercializing efforts of traveling wave 
thermoacoustic technology have been pursued by Aster Thermoacoustics located in the 
Netherlands. Kees de Blok, of Aster Thermoacoustics, developed a novel 4-stage traveling 
wave thermoacoustic power generator in 2010 [18]. A multiple core/stage thermoacoustic 
engine promotes greater power generation at lower operation temperatures, and if design 
properly, an arbitrary number of core stages may be inserted [18]. Aster has conducted 
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research of bi-directional turbines for acoustic-to-electric power conversion applications. 
Unlike linear alternators, bi-direction turbines can be scaled to large sizes.  
1.2 Thesis Layout 
Thermoacoustic technology offers great potential benefit in various applications, 
but research and/or implementation of these systems are not yet widespread. The study of 
thermoacoustics includes complex concepts from several fields of engineering and 
typically corresponds to a steep learning curve. The design, fabrication, simulation, and 
analysis of an operational single stage traveling wave thermoacoustic engine is presented 
to provide deeper understanding and insight into the design and performance of 
thermoacoustic systems.  
Chapter 1 provides an introduction and literature review of thermoacoustics. 
Technical background information is presented in Chapter 2, followed by mathematical 
concepts in Chapter 3. Design considerations for physical thermoacoustic engines are 
explored in Chapter 4. Chapter 5 provides details of an experimental thermoacoustic engine 
design. Indicators of thermoacoustic engine performance are explained in Chapter 6, 
followed by simulations results of the experimental system in Chapter 7. Experimental 
results are presented in Chapter 8, and chapter 9 provides conclusive statements and 
recommendations for future work. Appendices provide additional details of the research 
presented. Furthermore, much of the information contained in this thesis has been gathered 
from published and submitted papers. 
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Chapter Two 
TECHNICAL BACKGROUND 
Several thermal and acoustic concepts need to be clarified prior to exploring 
detailed thermoacoustic system design. Differentiation between standing wave and 
traveling wave thermoacoustic properties are important to the development and analysis of 
these thermoacoustic systems.  
2.1 Acoustics 
 Sounds waves are physical waves in which a group of particles vibrate back and 
forth. This wave requires a medium to propagate, typically air, and generates regions of 
compression and refraction. As the acoustic energy propagates, velocity and pressure 
oscillations are generated within the medium. Density and temperature oscillations within 
the fluid are also produced under this acoustic excitation. In thermoacoustic applications, 
the acoustic wave is considered to propagate in only one dimension, longitudinally, and is 
termed a plane wave. The duct in which the plane wave is propagating is assumed to have 
lateral dimensions much smaller than the wavelength [10]. The acoustic wave has an 
associated wavelength, λ, and frequency of oscillation, f, defined by the relationship 
 
𝜔 = 2𝜋𝑓 = 2𝜋
𝑎
𝜆
           (2.1) 
 
where a is the speed of sound and ω is the angular frequency. The frequency and 
wavelength of a sound wave’s pressure and velocity oscillations are identical [10]. This 
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sound wave within the duct is further characterized by the associated pressure and velocity 
amplitudes and phases.  
An acoustic wave propagating within a duct may be classified as a traveling wave 
or standing wave, although a component of each is present in most acoustic networks. A 
traveling wave is produced when a pure tone acoustic wave propagates through an 
infinitely long duct without obstacles to cause reflections. A traveling wave’s nodes and 
antinodes appear to be moving or “traveling” along the length of the duct over time. In 
contrast, a standing wave is generated if the duct is finite in length, thereby creating a 
reflection when the propagating wave meets the end of the duct. The reflected wave 
generates constructive interference with the initial wave resulting in pressure and velocity 
oscillations amplitudes nearly double the magnitude of the initial wave. A standing wave 
will occur regardless if the end of the duct is open or closed [10]. The standing wave’s 
node and antinodes appear to be stationary or “standing” along the length of the duct over 
time.  
The length and end conditions of a duct determine the fundamental wavelength of 
the acoustic wave. For a duct with finite length and both ends open or closed, the acoustic 
wavelength will be double the length of the duct, 𝜆 = 2𝑑. For a duct with finite length and 
one end open and the other end closed, the acoustic wavelength is four times the length of 
the duct, 𝜆 = 4𝑑. For a continuous looped duct of finite length, the acoustic wavelength is 
equal to the length of the duct, 𝜆 = 𝑑. 
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2.2 Thermoacoustics 
Thermoacoustic engines, or prime movers, convert heat into mechanical power by 
forcing the working fluid to perform a continuous cycle of compression, heating, 
expansion, and cooling, comparable to most heat engines [14]. These thermoacoustic 
engines utilize acoustic energy to produce the pressure oscillations (compression and 
expansion), and heat exchangers to provide the heating and cooling. Acoustic waves are 
characterized by a sinusoidal oscillation of pressure and velocity for a gas parcel.  
Acoustic standing wave pressure oscillations lag the velocity oscillations by 90°. 
This phase lag results in the simultaneous occurrence of heating/cooling and 
compression/expansion within a standing wave prime mover. The standing wave 
thermoacoustic engine requires imperfect thermal contact to cause a 90° phase lag in the 
heat transfer process [19]. This thermal lag results in decreased efficiency and 
irreversibility [14]. A traveling wave device operates with the acoustic pressure and 
velocity oscillations nearly in phase. High regenerator effectiveness, plus increases in 
efficiency and reversibility can be achieved by a traveling wave thermoacoustic engine 
with respect to a standing wave configuration. Figure 2.1 displays the characteristics of 
standing and traveling acoustic waves. 
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                                   (a)                             (b) 
 
Figure 2.1: Typical acoustic (a) standing, and (b) traveling waveforms  
 
The core of a thermoacoustic engine is comprised of a regenerator located between 
a cold and hot heat exchanger. The core provides acoustic power amplification by 
executing a Stirling-like thermodynamic cycle, which converts heat into acoustic power 
observed in Figure 2.2 [8].  
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Figure 2.2: Stirling-like thermodynamic process experienced by the working fluid within 
the thermoacoustic traveling wave engine core  
 
The regenerator, a porous medium that is capable of heat exchange with the 
working fluid and located between high and low temperature regions, is the driving force 
of a thermoacoustic engine. A steep temperature gradient is generated axially along the 
length of the regenerator. A gas parcel in the regenerator experiences thermal expansion as 
it is displaced toward the high temperature region, and then thermal contraction as it is 
displaced toward the low temperature region. The acoustic wave provides pressure/volume 
compression and expansion, as well as the displacement towards the hot and cold regions 
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of the regenerator’s temperature gradient [8]. The regenerator acts as several thin heat 
exchangers as the working fluid oscillates through it.  
As mentioned before, a traveling wave thermoacoustic device is reversible. A 
thermoacoustic prime mover, Figure 2.3a, accepts heat and produces an acoustic wave that 
propagates through the cold heat exchanger, into the regenerator, and out of the hot heat 
exchanger. In contrast, a thermoacoustic heat pump is supplied with an acoustic wave to 
pump heat from the cold heat exchanger into the hot heat exchanger to be expelled from 
the system, displayed in Figure 2.3b. 
 
      
                             (a)                                                                    (b) 
 
Figure 2.3: Diagram of a conventional single stage traveling wave thermoacoustic 
system - (a) prime mover, and (b) heat pump     
 
For a traveling wave engine, a feedback network connects the hot heat exchanger to the 
cold heat exchanger via a continuous ducting network. 
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An acoustic to electrical conversion device, such as a bi-directional turbine or linear 
alternator, can be installed in the acoustic network to extract a portion of the acoustic power 
produced by the core. The remaining acoustic power travels through the feedback piping 
network and is directed back into the core for re-amplification. An increase in acoustic 
volumetric velocity is produced by supplying acoustic power into a regenerator containing 
a steep temperature gradient in the direction of acoustic wave propagation [20].  
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Chapter Three 
MATHEMATICAL CONCEPTS 
Thermoacoustic interactions are mathematically defined by an energy transfer 
realization of a compressible fluid, acted on by an acoustic wave, in contact with solid 
material. Rott derived the wave and energy equations for a single frequency acoustic wave 
propagating through a temperature gradient within a channel [21]. These concepts may be 
applied to derive the mathematical equations that characterize the conversion process 
within a traveling wave thermoacoustic engine. 
A network of channels consisting of varying compliance, inertance, and resistance 
is necessary to produce a near traveling-wave phasing within the regenerator [13]. The gas 
compressibility within a specified channel volume, or the compliance C, becomes 
 
𝐶 =
𝑉
𝛾𝑝𝑚
                                           (3.1) 
 
Similarly, the inertial properties of a gas within the channel, or the inertance L, becomes 
 
𝐿 =
𝜌𝑚Δ𝑥
𝐴
                    (3.2) 
 
The acoustic resistance is dependent on the oscillating velocity and pressure. Viscous, Rv, 
and thermal relaxation, Rk, resistances result from oscillating fluid velocity and pressure 
so that 
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𝑅𝑣 =
𝜇𝜋Δ𝑥
𝐴2𝛿𝑣
 , 𝑅𝑘 =
2𝛾𝑝𝑚
𝜔(𝛾−1)𝑆𝛿𝑘
                                         (3.3) 
 
These acoustic characteristics combine to form the acoustic impedance properties 
and are utilized in the formulation of the lumped element impedance model. Additionally, 
the acoustic impedance, Z =
𝑝1
𝑈1
 , is the ratio of pressure to volumetric velocity.  The 
acoustic impedance can be expressed independent of channel geometry as the specific 
acoustic impedance,  𝑧 = 𝐴𝑍 =
𝑝1
𝑢1
. The characteristic acoustic impedance, 𝑍0 =
|𝑝1|
|𝑢1|
=
𝑎𝜌𝑚, is used to quantify the medium for a generalized sound wave and is dependent on the 
properties of the medium. The form |𝑧| = 𝑍0 denotes a lossless traveling wave. 
Acoustic amplification by the core depends upon the absolute temperature ratio of 
the hot and cold ends of the regenerator or 𝜏 = 𝑇ℎ/𝑇𝑐. Figure 3.1 displays a lumped-
element thermoacoustic engine model.  
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Figure 3.1: Thermoacoustic engine lumped-element impedance model without an 
electric generator 
 
The core is represented as a resistance and volumetric velocity (current) source 
contained within the dashed area of Figure 3.1. Viscous losses produced in the regenerator 
are significant compared to the thermal-relaxation losses due to tight packing of mesh 
screens [20]. Furthermore, the axial change in temperature through the regenerator causes 
an inversely proportional change in density. As temperature increases, the volumetric 
velocity must increase proportionally because conservation of the first-order mass flux 
must be upheld, 𝜌𝑚𝑈1 = 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 [16]. This volumetric velocity increase through the 
Wc, U1c 
Wh, U1h 
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regenerator may be expressed as 
 
𝑈1ℎ = 𝜏𝑈1𝑐                       (3.4) 
 
The time-averaged acoustic power flow, Ẇ, becomes 
 
?̇? =
𝑅𝑒[𝑝1𝑈1̃]
2
=
𝑅𝑒[𝑝1̃𝑈1]
2
                   (3.5) 
 
where the tilde represents a complex conjugate. As the complex pressure amplitude at the 
hot and cold ends of the regenerator are approximately equal, the time-averaged power 
flowing out of the regenerator’s hot end is dependent on the regenerator temperature ratio 
[16] or 
 
𝑊ℎ̇ = 𝜏𝑊𝑐̇                             (3.6) 
 
Therefore, the temperature difference across the hot and cold end of the regenerator is 
directly related to the acoustic amplification level. The reader is referred to [16] and [20] 
for more information related to thermoacoustic system modeling. 
Linear thermoacoustic theory, based on the linearization of the continuity, 
momentum, and energy equations, is applied to realize the relationship between pressure, 
velocity, and temperature to provide quantitative thermoacoustic estimations [19, 20]. 
Rott’s wave equation may be written as 
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[1 + (𝛾 − 1)𝑓𝑘]𝑝1 +
𝛾𝑝𝑚
𝜔2
𝑑
𝑑𝑥
(
1−𝑓𝑣
𝜌𝑚
𝑑𝑝1
𝑑𝑥
) −
𝑎2
𝜔2
𝑓𝑘−𝑓𝑣
1−𝜎
1
𝑇𝑚
𝑑𝑇𝑚
𝑑𝑥
𝑑𝑝1
𝑑𝑥
= 0             (3.7) 
             
The relationship between the acoustic pressure, p1, and the volumetric velocity, U1, may be 
expressed by decoupling (3.7) into individual thermoacoustic momentum and continuity 
equations as 
 
𝑑𝑝1
𝑑𝑥
= −
𝑖𝜔𝜌𝑚
𝐴(1−𝑓𝑣)
𝑈1                                  (3.8) 
 
𝑑𝑈1
𝑑𝑥
= −
𝑖𝜔𝐴
𝛾𝜌𝑚
[1 + (𝛾 − 1)𝑓𝑘]𝑝1 +
(𝑓𝑘−𝑓𝑣)
(1−𝑓𝑣)(1−𝜎)
1
𝑇𝑚
𝑑𝑇𝑚
𝑑𝑥
𝑈1                 (3.9) 
 
The time-averaged acoustic power, within a channel of length dx in complex notation 
becomes 
 
𝑑?̇?
𝑑𝑥
=
1
2
𝑅𝑒 [𝑈1̃
𝑑𝑝1
𝑑𝑥
+ 𝑝1̃
𝑑𝑈1
𝑑𝑥
]                  (3.10)  
 
Let the viscous resistance per unit length, rv, thermal-relaxation conductance per 
unit length, rk, and complex gain/attenuation constant (dependent upon sign) for volume 
flow rate, g, be defined  
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𝑟𝑣 =
𝜔𝜌𝑚
𝐴
𝐼𝑚[−𝑓𝑣]
|1−𝑓𝑣|2
                         (3.11) 
 
1
𝑟𝑘
=
𝛾−1
𝛾
𝜔𝐴 𝐼𝑚[−𝑓𝑘]
𝜌𝑚
                        (3.12) 
 
𝑔 =
𝑓𝑘−𝑓𝑣
(1−𝑓𝑣)(1−𝜎)
1
𝑇𝑚
𝑑𝑇𝑚
𝑑𝑥
                                    (3.13) 
 
Equation (3.10) may be rewritten using (3.11)-(3.13) as 
 
𝑑?̇?
𝑑𝑥
= −
𝑟𝑣
2
|𝑈1|
2 −
1
2𝑟𝑘
|𝑝1|
2 +
1
2
𝑅𝑒[𝑔𝑝1̃𝑈1]              (3.14) 
 
The acoustic power is not directly affected by the inertance and/or compliance, but 
rather by viscous resistance, thermal-relaxation resistance, and thermally induced volume-
flow-rate source/sink [19]. The viscous and thermal-relaxation dissipation terms always 
consume acoustic power. However, the gain/attenuation constant, g, is dependent upon the 
magnitude and direction of the axial temperature gradient. Consequently, the 
gain/attenuation constant may be considered as a representation of the acoustic power 
produced or consumed [8]. The mathematical concepts presented theoretically define the 
thermoacoustic effect within the regenerator.  
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Chapter Four 
THERMOACOUSTIC DESIGN CONSIDERATIONS 
The design of a thermoacoustic engine is dependent upon several factors such as 
targeted performance characteristics, cost, fabrication methods, etc. The targeted 
operational characteristics should be established prior to component construction.   
4.1  Operational Characteristics 
The mean pressure and working fluid have a strong influence on the design and 
performance of the engine. A high mean pressure and high speed of sound are desirable 
working fluid properties because thermoacoustic powers typically scale in relation to 𝑝𝑚𝑎𝐴 
[19]. Light gases are desirable working fluids because they typically have a high speed of 
sound and thermal conductivity characteristics [19]. Helium at an elevated mean pressure 
is typically used for high performance thermoacoustic applications [16, 17]. Air at 
atmospheric pressure can be utilized as the working fluid for a first build, as it reduces 
costs and complexity of component design and system operation.  
The operational frequency is often chosen based upon the acoustic-to-electric 
conversion device characteristics. In the case of a linear alternator, the thermoacoustic 
engine’s operational frequency is matched to the linear alternator’s resonate frequency 
[20]. A bi-directional turbine design can be altered to match a specified frequency of 
oscillation.  
Several length scales must be defined prior to building or designing a 
thermoacoustic engine. The gas displacement amplitude, Xa, can be calculated by the ratio 
of acoustic velocity to acoustic frequency 
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𝑋𝑎 =
𝑢𝑎
𝜔
                                                (4.1) 
 
Lateral, direction perpendicular to wave propagation, dimensions are critical in component 
design because they influence viscous and heat related properties. The thermal penetration 
depth, δk, is the distance that heat transfer can occur laterally during acoustic oscillations 
 
𝛿𝑘 = √
2𝑘
𝜔𝜌𝑐𝑝
                                     (4.2) 
 
Viscous penetration depth, δv, is the distance that momentum can be transferred laterally 
during acoustic oscillations 
 
𝛿𝑣 = √
2𝜇
𝜔𝜌
                               (4.3) 
     
The thermal and viscous penetration depths are typically of the same order of magnitude, 
resulting in a Prandtl number, σ, near unity [19]  
 
𝜎 = (
𝛿𝑣
𝛿𝑘
)
2
                             (4.4) 
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4.2 Core Assembly 
The velocity in the core can be reduced by increasing the cross-sectional area of the 
core with respect to the feedback piping network. Thereby, achieving a high impedance in 
the regenerator and reducing acoustic losses. A larger core cross-sectional area also 
provides an opportunity for improved heat exchange between the heat exchangers and 
working fluid. The core cross section is normally designed to be two to three times larger 
than the cross-sectional area of the feedback piping network [22].  
4.2.1 Hot and Cold Heat Exchangers 
The primary goal of a traveling wave thermoacoustic engine heat exchanger is to 
provide high heat transfer to or from the working fluid, while simultaneously generating 
minimal acoustic dissipation. The length of a thermoacoustic heat exchanger is typically 
double the gas displacement amplitude [22]. Heat exchangers longer than twice the gas 
displacement amplitude generate excessive acoustic dissipation for unnecessary heat 
transfer.  
The most efficient cold heat exchanger designs are typically of a shell and tube 
configuration, in which the working fluid oscillates through multiple small diameter tubes 
and low temperature fluid, such as chilled water, flows around the perimeter of the tubes 
to remove excess heat from the working fluid. However, viscous losses will be substantial 
if the tube diameters are too small, and a compromise between heat transfer and viscous 
loss reduction is necessary. Fabrication limitations may arise and limit tube diameter size. 
A water jacket heat exchanger design is an acceptable alternative design for small working 
fluid channel diameters in which, low temperature fluid flows around the perimeter of a 
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solid core containing multiple passages for the working fluid to oscillate through. The 
porosity of the cold heat exchanger should be high to reduce acoustic dissipation, and void 
area, in which the working fluid oscillates, to total cross-sectional area ratio of 0.30 to 0.40 
is often targeted.  
The hot heat exchanger is often designed with a higher porosity than the cold heat 
exchanger because the acoustic velocity sharply increases through the regenerator, and a 
low porosity near the bottom of the regenerator generates high viscous losses. For initial 
performance measurements, electrical heating elements are often employed because it 
provides a straightforward calculation method of the supplied thermal power to the system. 
If the heat exchangers are designed to be easily removed or replaced, the hot heat exchanger 
can be redesigned to incorporate alternative heat sources such as concentrated solar, waste 
heat (steam), fire, etc. 
The heat exchanger material will depend upon the component design, fabrication, 
costs, and performance characteristics. For low temperature applications, copper is a 
desirable heat exchanger material due to its high heat transfer coefficient, but material costs 
are high. Aluminum is an inexpensive alternative to copper, containing favorable heat 
transfer characteristics and machinability. High temperature heat exchangers must consider 
the material’s maximum service temperature in addition to the heat transfer properties. 
Stainless steel, although considered to have poor heat transfer capabilities, has a high 
maximum service temperature and material costs are low. Premanufactured heat 
exchangers can also be used, such as radiators, to reduce costs and generate high heat 
transfer to or from the working fluid [10]. 
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4.2.2 Regenerator 
The regenerator is a porous solid that exchanges heat with the working fluid during 
oscillations. A steep temperature gradient through the axial length of the regenerator is 
required to generate an acoustic wave. Typically, the gas displacement should be a large 
fraction of the regenerator length [17]. The regenerator should have a high impedance, with 
a preferred condition of |𝑍 ∙ 𝐴|~20 ∙ 𝑍0 [23]. Near traveling wave phasing, acoustic 
pressure and volumetric velocity in phase, within the regenerator is optimal. Typically, the 
volumetric velocity phase will lead the acoustic pressure phase at the cold end of the 
regenerator, and the acoustic pressure phase will lead the volumetric velocity phase at the 
hot end of the regenerator [20]. A large pressure drop is produced across the regenerator, 
as well as a steep increase in volumetric velocity caused by the temperature gradient. 
Cellular ceramics, steel scourers, stainless steel wool, or several stacked wire mesh 
screens can be used to create a regenerator. However, wire mesh screens typically produce 
the best performance results [24]. The hydraulic radius, rh, and porosity, ϕ, are important 
design characteristics of the regenerator 
 
𝑟ℎ = 𝐷𝑤𝑖𝑟𝑒
𝜙
4(1−𝜙)
                             (4.5) 
 
𝜙 = 1 −
𝜋𝑛𝐷𝑤𝑖𝑟𝑒
4
                      (4.6) 
 
The hydraulic radius of the regenerator must be smaller than the thermal penetration 
depth to ensure good thermal contact between the regenerator solid and working fluid. The 
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optimal ratio of thermal penetration depth to hydraulic radius is between 4 <
𝛿𝑘
𝑟ℎ
< 7 [25]. 
Because the viscous penetration depth is often of the same order of magnitude as the 
thermal penetration depth, significant viscous losses should be expected within the 
regenerator [19]. A high porosity is desirable but if too high, the mass of the regenerator 
will be low and result in reduced heat capacity. A low heat capacity will lead to high heat 
relaxation losses that degrade performance [24]. The porosity of the regenerator should 
typically range between 70% and 85% [26]. Heat leaks down the temperature gradient 
should be avoided, and a tight fit between the regenerator material and regenerator wall is 
desirable to limit low impedance paths that produce streaming [19]. A laterally uniform 
temperature and linear axial temperature gradient are desired through the regenerator. A 
small gap can be implemented between the heat exchanger and regenerator to create a 
thermal mixing region that reduces non-uniform lateral temperature distributions in the 
regenerator. The thermal conduction through the regenerator wall should be limited by 
decreasing wall thickness and using a poor thermally conductive material, such as stainless 
steel or Inconel.  
4.3 Acoustic Network 
The thermal buffer tube provides a thermal buffer between the hot heat exchanger 
and ambient temperature feedback network. The thermal buffer tube length should be at 
least six times the gas displacement amplitude to provide adequate thermal isolation [19]. 
A secondary cold heat exchanger (optional) may be installed below the thermal buffer tube. 
In the absence of performance degrading streaming, the secondary ambient heat exchanger 
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will remove conductive heat through the thermal buffer tube walls, and radiative heat from 
the hot heat exchanger [16]. A secondary cold heat exchanger will protect an acoustic-to-
electric conversion device located in the feedback network from high temperature damage. 
A high porosity is desirable to limit flow resistance, but the remaining design concepts of 
the secondary cold heat exchanger are similar to that of a primary cold heat exchanger.  
A piping network connecting the thermal buffer tube to the primary cold heat 
exchanger, in the absence of a terminating surface, promotes the development of an 
acoustic traveling wave. This feedback is treated as a basic waveguide with inertance, 
compliance, and resistive components. Properly designed inertance and compliance are 
required to store acoustic energy and provide advantageous phase shifting of the acoustic 
wave [19]. Smooth surfaces, gradual bends, and minimal changes in cross-sectional area 
are desirable to limit acoustic losses. The length of the acoustic feedback network can be 
altered to adjust the system’s operational acoustic frequency. Metal piping and seals are 
used for pressurized thermoacoustic systems. 
A small stub resonator, with a terminating end, is required if a traveling wave 
thermoacoustic engine is configured with an odd number of thermoacoustic core sections 
[10].  This stub provides additional volume that is necessary to lower the acoustic 
impedance to allow oscillations to begin [10].  The stub has the same cross-sectional area 
of the feedback piping network, a length approximately one tenth of the wavelength, and 
located approximately one tenth of the wavelength beyond the last hot heat exchanger [10]. 
This stub is much shorter than the wavelength and can be treated as a lumped capacitance. 
A stub matching method is applied to systems with an acoustic load that generates acoustic 
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reflections and a high standing wave ratio (SWR). The stub length and location are tuned 
to produce acoustic reflections that cancel the reflections generated by the load [20].  
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Chapter Five 
EXPERIMENTAL SYSTEM 
An experimental traveling wave thermoacoustic engine was constructed. A larger 
cross-sectional area was selected for the core engine components to decrease the local 
velocity while keeping the mass flow constant. This action reduced the viscous losses in 
the regenerator and improved the heat transfer at the hot and cold heat exchangers. The 
experimental apparatus contains a thermoacoustic core featuring an ambient heat 
exchanger, regenerator, and hot heat exchanger represented in Figure 5.1. As expected, the 
component designs depend on the targeted performance characteristics [27].  
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Figure 5.1: Traveling wave thermoacoustic engine configuration 
 
The experimental prototype is a single stage traveling thermoacoustic engine with 
air at atmospheric pressure for the working fluid. The first iteration of the thermoacoustic 
engine produced a 74 Hz acoustic frequency. The second iteration decreased the 
operational frequency to 54 Hz by increasing the length of the feedback network. The 54 
Hz system was constructed to integrate a bi-directional turbine. The remainder of this thesis 
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will focus on the 54 Hz thermoacoustic engine configuration. Figure 5.2 displays the 74 
Hz and 54 Hz thermoacoustic engine configurations. 
 
      
                                         (a)        (b) 
 
Figure 5.2: Assembled (a) 74 Hz and (b) 54 Hz experimental thermoacoustic engines. 
 
5.1 Component Design 
 The cold heat exchanger was originally fabricated as an aluminum shell and tube 
heat exchanger in which the working fluid oscillated through several tubes and ambient 
water flowed around the perimeter of the tubes to remove heat from the working fluid. 
Figure 5.3a displays the shell and tube cold heat exchanger. The tubes were 6.35 mm in 
diameter. The aluminum shell and tube primary cold heat exchanger failed due to leakage 
at the welds. 
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                    (a)                         (b) 
 
Figure 5.3: (a) Failed and (b) successful primary cold heat exchanger designs  
 
The cold heat exchanger was revised to incorporate a water jacket design in which 
ambient water flows around the perimeter of a large aluminum cylindrical block containing 
901, 3.175 mm diameter channels in which the working fluid oscillates through. Figure 
5.3b displays the functional water jacket cold heat exchanger. This primary cold heat 
exchanger has a porosity of 36.62%, and a length of 22.2 mm.  One inlet and one outlet 
allow ambient temperature water to flow through the cold heat exchanger at 22.7 liters per 
minute.      
The regenerator was comprised of numerous randomly stacked stainless steel mesh 
screen disks resulting in a total length of 22.6 mm and constant diameter of 157.5 mm. The 
screens have a mesh number of 120 and a wire diameter of 66 μm. Therefore, the hydraulic 
radius and porosity of the regenerator are calculated to be 50 μm and 75.5%, respectively. 
The thermal penetration depth was calculated to be between 360 μm and 700 μm through 
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the regenerator. Therefore, the hydraulic radius of the mesh stainless steel screens is about 
seven times smaller than the smallest thermal penetration depth. Consequentially, the 
design of the regenerator must be a compromise between good thermal contact and limited 
viscous losses [17].  
A flattened expanded stainless steel disk with a thickness of 1.75 mm is located at 
the top and bottom of the regenerator to hold the stack of mesh screens in place. The 
expanded stainless steel disks rest on machined lips/edges, 3.175 mm thick, of the hot and 
cold heat exchangers which offer a small mixing region. A stainless steel regenerator wall 
thickness of 5.4 mm was held constant through the regenerator. Figure 5.4 displays the 
regenerator components. 
 
 
Figure 5.4: Regenerator components – stainless steel shell, mesh screen, and expanded 
steel disks 
 
The hot heat exchanger, refer to Figure 5.5, is located below the regenerator and 
supplies thermal power to the system.  
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Figure 5.5: Original hot heat exchanger comprised of four heat cartridges, thermocouple 
probe, copper mesh screens, and internal stainless steel ring 
 
The hot heat exchanger contains four, 120 V heat cartridges; each heat cartridge is 
9.525 mm in diameter, 63.5 mm in length and capable of producing up to 500 W of heat. 
The maximum operating temperature of each heat cartridge is 1033 K. The heat exchanger 
can produce up to 2 kW of thermal power, but the maximum heat input is limited by the 
heat cartridges’ maximum operating temperature. The hot heat exchanger is equipped with 
one K-type thermocouple to monitor the surface temperature of one heat cartridge and 
avoid overheating conditions. Heat cartridges are inserted into a small stainless steel ring 
to improve stability and heat transfer to the working fluid.  Four copper mesh screens with 
a mesh number of 22 and wire diameter of 305 μm screens, resulting in a porosity of 
79.27% and a hydraulic radius of 290 μm. The copper screens were intended to improve 
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the heat distribution and transfer effectiveness and act as flow straighteners to reduce jet-
driven streaming within the thermal buffer tube. The copper mesh screens began to 
deteriorate over time due to extreme temperature cycling. Figure 5.6 displays the copper 
mesh screens before and after high temperature cycling. The remainder of this section will 
focus on the thermoacoustic engine prior to copper screen removal. 
 
      
         (a)                                                                     (b) 
Figure 5.6: Copper mesh screen disk – (a) new and (b) after heat cycling 
 
Two pipe reducer/expander assemblies are utilized above and below the 
thermoacoustic core section to provide gradual changes in cross-sectional diameter and 
avoid flow separation/transitional losses, shown in Figure 5.7.  
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Figure 5.7: Concentric reducer/expander assembly 
 
Each concentric reducer/expander assembly consists of a pipe size 6 stainless steel flange, 
a pipe size 3 stainless steel flange, and a stainless steel concentric pipe reducer/expander. 
This component acts as a thermal buffer tube below the hot heat exchanger and is much 
longer than the peak-to-peak gas displacement amplitude to maintain thermal isolation. 
The internal diameter of the thermal buffer tube is much larger than the thermal penetration 
 38 
depth and results in minimal heat transfer from acoustic oscillation between the wall and 
gas [13]. This stainless steel reducer/expansion assembly is 250 mm in length and 
reduces/expands the cross-sectional diameter from 157 mm to 81 mm.  
The hot and cold heat exchangers contain a short, thin lip that inserts into the 
regenerator and concentric reducer assemblies. Figure 5.8 displays the assembly of the core 
components.  
 
          
Figure 5.8: Thermoacoustic core assembly comprised of cold heat exchanger, 
regenerator, and hot heat exchanger 
 
The hot heat exchanger is inserted into the thermal buffer tube. The regenerator 
shell is inserted onto the hot heat exchanger and an expanded metal disk is placed on the 
top of the heat exchanger lips. The stainless steel screens of the regenerator are then stacked 
in the regenerator shell and another expanded metal disk is placed on top of the screen 
stack. The cold heat exchanger is then inserted into the regenerator shell, lightly 
compressing the regenerator screens. The top concentric reducer is placed on the cold heat 
CHX Regen 
HHX 
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exchanger and the flanges of the thermal buffer tube and top concentric reducer assembly 
are fastened together using threaded rods to complete the core assembly. Gaskets are 
installed between each component. The regenerator, hot heat exchanger, and thermal buffer 
tube are encased in high temperature ceramic insulation during operation to limit heat loss 
to the atmosphere. 
A secondary cold heat exchanger, displayed in Figure 5.9, is installed below the 
thermal buffer tube to maintain a near ambient temperature in the feedback piping network.  
 
 
Figure 5.9: Secondary cold heat exchanger 
 
This component features a water jacket design, similar to the primary cold heat 
exchanger. The secondary ambient heat exchanger contains 39, 9.5 mm diameter channels 
in which the working fluid oscillates, resulting in a 54% porosity. The total length of the 
secondary cold heat exchanger is 29 mm and the diameter is 81 mm. One inlet and one 
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outlet allow ambient temperature water to flow through the heat exchanger at 22.7 liters 
per minute. The secondary heat exchanger is installed between the thermal buffer tube and 
feedback piping network to provide thermal isolation of the high temperature region. 
However, a secondary cold heat exchanger is not required for thermoacoustic engine 
operation.  
The feedback network is approximately 4.83 m in length and constructed of 
schedule 80, pipe size 3, PVC piping and fittings. Long 90⁰ elbows are used to avoid abrupt 
changes in direction, and PVC joints are glued to minimize leaks. PVC flanges and gaskets 
are utilized to attach the feedback piping network to the stainless concentric 
reducer/expander assemblies. A 686 mm length stub section is located approximately 289 
mm beyond the secondary cold heat exchanger. The stub is installed using a T-branch 
fitting and terminated with an end cap. Figure 5.10 displays the assembled thermoacoustic 
engine and locations of corresponding components/assemblies. Please see Appendix F for 
comprehensive list of component dimensions. 
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Figure 5.10: Assembled single stage thermoacoustic engine 
 
Control 
Panel 
Feedback 
Network 
Core 
Acoustic Sensor 
Stub 
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5.2 Measurement and Electrical System 
Several electrical devices and sensors are necessary to monitor, control, and record 
various inputs and outputs of the system. A national instruments chassis equipped with a 
bi-directional digital input/output (DIO), two analog voltage input modules, and an analog 
thermocouple input are used. The DIO module and a solid state relay are used to limit the 
surface temperature of the heat cartridges. A rheostat controls the thermal power level 
supplied by the hot heat exchanger to the thermoacoustic engine. If the rheostat setting is 
too high, the DIO and solid state relay will regulate the temperature of the heat cartridge 
via on-off control. Current and voltage transducers measure the electric power delivered to 
the heat cartridges. Figure 5.11 displays the control cabinet setup.  
 
                  
                                      (a)                                                                     (b) 
Figure 5.11: Measurement and control system – (a) internal and (b) external components 
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Thermocouples and piezoelectric pressure transducers are utilized to monitor 
system conditions and evaluate the performance of the experimental thermoacoustic 
apparatus. Type K probe thermocouples, 1.6 mm diameter and 152.5 mm in length, are 
installed at the top and bottom, cross-sectional center of the regenerator to measure the 
temperature gradient through the regenerator. Thermocouples are also installed at the 
ambient water inlets and exits of the cold heat exchangers. A thermocouple is installed in 
the feedback network just after the secondary cold heat exchanger to measure thermal 
isolation effectiveness of the thermoacoustic engine hot region. One thermocouple is 
mounted against the surface of a heat cartridge to monitor the hot heat exchanger surface 
temperature. All heat cartridges are identical models and wired in parallel. Four high 
resolution ICP pressure sensors (PCB model 112A22) are installed at various locations of 
the feedback network to analyze the acoustic wave characteristics. Acoustic pressure 
sensor ports are located throughout the feedback network and are plugged with bolts in the 
absence of an acoustic sensor.  
A bi-directional turbine was installed within the feedback network stub section to 
generate electricity from the supplied acoustic power [6]. The turbine converted the 
oscillating linear motion of the working fluid into rotational motion; the rotational direction 
is the same regardless of linear flow direction [28]. A bi-directional turbine, shown in 
Figure 5.12, was designed to convert the generated acoustic power into electric power.  
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Figure 5.12: Exploded view of bi-directional axial turbine assembly without bearings, 
shaft or generator 
 
The experimental turbine assembly, refer to Figure 5.13, was fabricated using a 3D 
printer [29]. The axial turbine assembly consists of two nose cones, two guide vanes, an 
axial turbine and a sleeve that houses the components. Bearings were press fit into the 
guide vanes to suspend the turbine between the guide vanes. The shaft connects to a small 
DC generator that can be assembled into one of the nose cones. The axial turbine has an 
outer diameter of 62 mm, length of 15 mm, and consists of 24 blades. The hub-to-tip ratio 
is 0.6. The overall working length of the turbine assembly, from guide vane to guide vane, 
is 54 mm. This length corresponds to the operational acoustic wavelength. Additional 
information of bi-directional turbine design for acoustic applications can be found in 
references [6] and [28]. 
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                                     (a)                                                                    (b) 
 
      
                                           (c)                                                                 (d) 
Figure 5.13: Bi-directional turbine – (a) fully assembled, (b) components, (c) assembled 
guide vanes, turbine, shaft, bearings, and generator, and (d) assembled top view 
 
 
 46 
Chapter Six 
PERFORMANCE INDICATORS 
Sensors that measure and control various temperatures, acoustic wave 
characteristics, and supply heat are critical to the performance analysis of a thermoacoustic 
engine. At a minimum, two thermocouples should be installed to measure the temperature 
gradient across the regenerator: one at the cold end and one at the hot end of the regenerator. 
The temperature difference between the cold end and hot end of the regenerator at which 
the system begins to generate self-starting acoustic oscillations is termed the onset 
temperature difference. A lower onset temperature is desirable and increasing the mean 
pressure of the working fluid, to a limit, can lower the onset temperature difference [23]. 
Furthermore, a nonlinear temperature gradient through the regenerator represents the 
presence of performance degrading Gedeon streaming [17].  
6.1 Instrumentation 
Thermocouples may be installed in and around the heat exchangers to measure heat 
transfer effectiveness. The heat supplied to the thermoacoustic engine is important in 
performance analysis of the system. The thermal power, Q, applied by the experimental 
hot heat exchanger is calculated by Q=IE, where I=current and E=voltage. The heat 
extracted by the experimental cold heat exchangers can be calculated as 
 
𝑄 = 𝜌𝑐𝑝𝑈(𝑇𝑜𝑢𝑡 − 𝑇𝑖𝑛)                           (6.1) 
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However, for the experimental thermoacoustic engine, the difference between Tout and Tin 
is smaller than the accuracy of the thermocouple. Therefore, the heat rejected by the cold 
heat exchangers was not analyzed in the final results.  Supplementary thermocouples may 
be inserted into different locations of the regenerator or around the feedback piping 
network and thermal buffer tube for further thermal analysis and system monitoring.  
The acoustic power output, along with other system characteristics such as 
temperatures and heat transfer, is a primary indicator of thermoacoustic engine 
performance. Piezoelectric or piezoresistive transducers are installed to measure the 
pressure amplitude, frequency, and phase of the acoustic wave. The two microphone 
method can be used to measure the acoustic power flowing past the midpoint of two 
acoustic pressure sensors [30]. When two piezoelectric pressure sensors, A and B, are 
placed a short distance apart, a length much shorter than the wavelength, the acoustic power 
within a duct can be calculated [19]. The acoustic power, Ẇ, is estimated to be 
 
?̇? =
𝐴
2𝜔𝜌𝑚𝛥𝑥
|𝑝1𝐴||𝑝1𝐵|𝑠𝑖𝑛𝜃                                       (6.2) 
 
A more accurate version of the two-microphone method accounts for attenuation in the 
laminar boundary-layer and does not require the distance between sensors to be much 
smaller than the wavelength [19] or 
 
?̇? = (
𝐴
2𝑎𝜌𝑚 sin(𝛽)
) (
Im[𝑝1𝐴𝑝1𝐵]̃ {1 −
𝛿𝑣
4𝑟ℎ
[1 − Γ + (1 + Γ)𝛽 cot(𝛽)]}
+ 
𝛿𝑣
8𝑟ℎ
(|𝑝1𝐴|
2 − |𝑝1𝐵|
2)[1 − Γ + (1 + Γ)𝛽 csc(𝛽)]
)         (6.3) 
 48 
 
where 𝛽 =
𝜔𝛥𝑥
𝑎
 and Γ =  
𝛾−1
√𝜎
. Typically, the acoustic sensors are placed in the feedback 
piping network with a midpoint near a velocity anti-node [19].  
The acoustic output power can be compared to the input heat to provide the thermal-
to-acoustic efficiency, η, of an engine 
 
𝜂 =
𝑊
?̇?
̇
                                    (6.4) 
 
These measurements should be performed once the engine has reached steady state 
conditions [10]. The theoretical upper limit of the efficiency is determined by the Carnot 
efficiency, ηc, as 
 
 ηC =
Th−Tc
Th
                                                       (6.5) 
 
The thermal-to-acoustic efficiency will be a fraction of the Carnot efficiency. This thermal-
to-acoustic efficiency of the engine with respect to the Carnot efficiency is termed the 
efficiency ratio, ηR, 
 
ηR =
η
ηC
                                                          (6.6) 
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The standing wave ratio (SWR) is the ratio of maximum acoustic pressure 
amplitude to minimum acoustic pressure amplitude. The SWR of unity represents a pure 
traveling wave. A high SWR within a traveling wave thermoacoustic engine leads to 
undesirable acoustic losses. The drive ratio (DR) is a measure of the pressure amplitude to 
the mean pressure. Increasing the working fluid mean pressure or the heat input level of 
the thermoacoustic engine will increase the pressure amplitude and decrease the drive ratio.   
6.2 Variable Acoustic Load 
A variable acoustic load was installed to simulate the effect an acoustic load would 
have on the system by extracting acoustic power from the feedback network. Figure 6.1 
displays the experimental variable acoustic load.  
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Figure 6.1: Variable acoustic load comprised of an acoustic sensor and an adjustable 
valve to adjust the acoustic power dissipation level 
 
The variable acoustic load is constructed of an adjustable globe valve and a 1.03 
liter, schedule 80, PVC tank. The valve setting controls the amount of acoustic power 
dissipated from the feedback piping network. The variable acoustic load can be considered 
as two lumped impedances, a resistance and capacitance in series since the dimensions are 
much smaller than the system’s operational wavelength [30]. Two acoustic sensors are 
Adjustable Valve 
Acoustic Sensor 
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installed; one at the inlet and another inside the tank. Since the acoustic load is considered 
as a lumped impedance, the pressure and phase are assumed to be constant throughout the 
entire tank [26]. The amount of acoustic power dissipated by the variable acoustic load, 
Wload, may be expressed as 
 
?̇?𝑙𝑜𝑎𝑑 =
𝜔𝑉|𝑝𝑖𝑛𝑙𝑒𝑡||𝑝𝑡𝑎𝑛𝑘|sin𝜃
2𝛾𝑝𝑚
                                            (6.7) 
 
where θ denotes the phase angle that pinlet leads ptank, Ẇload is the acoustic power is 
dissipated in the resistive valve, pinlet is the pressure amplitude at the inlet, and ptank is the 
pressure amplitude inside the tank. 
The drive ratio of the engine can be controlled by adjusting the input heat and 
variable acoustic load. The variable acoustic load was limited to 1 W of acoustic power 
dissipation, and thus the results presented in the remainder of this thesis represent system 
operation with the variable acoustic load in the closed position (i.e., no dissipation).  
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Chapter Seven 
COMPUTER SIMULATIONS 
Computer simulations are inexpensive and quick solutions for evaluating 
anticipated design changes. More advanced thermoacoustic system models utilize these 
linear thermoacoustic principles with added nonlinear effects. Researchers at Los Alamos 
National Laboratory have developed the computer program Design environment for Low-
amplitude Thermoacoustic Energy Conversion (DeltaEC) that utilizes linear 
thermoacoustic theory to numerically integrate a one-dimensional wave equation through 
user defined segments and matches pressures, volumetric flow rates, and temperatures at 
segment junctions [31]. Other variables and concepts, such as the energy equation, can also 
be implemented and analyzed within DeltaEC [32]. 
After successful execution of a DeltaEC thermoacoustic profile, target and guess 
pairs can be incrementally included into the model to predict or model the performance of 
a thermoacoustic device. DeltaEC utilizes a “shooting” method in which guesses and 
targets are defined, and the program gradually alters the value of the guess to meet the 
specified target value. Guesses must precede a target and the number of guesses and targets 
must be equal. The computer model is initialized with a “BEGIN” segment in which the 
frequency, temperature, mean pressure, acoustic pressure characteristics and volumetric 
velocity characteristics are defined. This initializing segment is typically located at a region 
within the feedback network and follows an integration path from the cold heat exchanger 
through the regenerator for most thermoacoustic engines.  It is likely that many of these 
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“BEGIN” values will be unknown, and consequently, the guess/target shooting method 
must be applied.  
Reverse polish notation (RPN) segments may be included to generate non-standard 
equations and can also be utilized as a guess or target. For a traveling wave thermoacoustic 
engine, the model may end with several RPN targets that match final thermoacoustic 
properties to initialized properties in the BEGIN segment. Thus, generating a seamless 
transition from the end of the model to the start of the model, representing a continuous 
feedback network.   This simulation tool can predict the acoustic pressure, volumetric 
velocity, acoustic power, total power, temperature, etc. distribution through a 
thermoacoustic engine and provide detailed insight into the anticipated experimental 
results. Reference [32], describes in detail the functionality of DeltaEC and provides user 
tutorials.  
A DeltaEC simulation was performed for the prototype single stage traveling wave 
thermoacoustic engine to provide an understanding of the various acoustic property 
distributions within the system.  The simulation was compared to experimental findings to 
validate the approach. The DeltaEC model is comprised of seven main segments as shown 
in Figure 7.1. These segments include a cold heat exchanger (CHX), a regenerator 
(REGEN), a hot heat exchanger (HHX), a thermal buffer tube (TBT), a secondary cold 
heat exchanger (2CHX), a stub (STUB), and an acoustic feedback piping network (FBN). 
The total length of the combined elements with piping in the simulated system is 5.4 m. 
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CHX
REGEN
HHX
TBT
STUBFBN
BEGIN
x=0
2CHX
 
Figure 7.1: Main components of the DeltaEC computer model and corresponding 
numerical integration path 
 
A working fluid of air at atmospheric mean pressure and an operational frequency 
of oscillation of 54 Hz is initialized for the thermoacoustic model of the experimental 
system. The cold heat exchanger is modeled as a shell and tube heat exchanger in which 
the working fluid oscillates through the tubes. The hot heat exchanger is modeled as a 
parallel-plate heat exchanger. The regenerator is comprised of a stack of mesh stainless 
steel screens and is modeled as such. The cross-sectional area of the thermoacoustic core 
(CHX, REG, HHX) is approximately two times greater than the feedback network cross-
sectional area to reduce viscous losses in the regenerator by enforcing |𝑍| >> 𝜌𝑚𝑎/𝐴 [18, 
22]. A high acoustic impedance in the regenerator is preferred for traveling wave 
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conditions and leads to a high pressure, low velocity region which is desired to keep 
acoustic losses low [23]. This high acoustic impedance condition is produced by a large 
inherent flow resistance of the regenerator and generates a self-organization mechanism 
[23]. Additionally, a near traveling wave in the feedback network is desired to reduce 
dissipative effects [20]. The feedback network has a constant cross-sectional area. The 
DeltaEC model is initialized near the midpoint of the feedback network and progresses 
towards the primary cold heat exchanger. The simulation was performed for various input 
heat levels without an acoustic load. The resulting simulated acoustic pressure amplitude 
and phase difference through the thermoacoustic engine is presented in Figure 7.2.  
 
      
                                  (a)                                                                     (b)                         
Figure 7.2: DeltaEC simulated acoustic (a) pressure amplitude and (b) phase difference 
distributions 
 
The regenerator and stub are located at 3 m and 3.6 m, respectfully. There are 
multiple locations of peak pressure amplitude. A steep drop in pressure amplitude is 
observed at the regenerator location and results from the regenerator’s high impedance. 
Stub Regenerator 
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The standing wave ratio (SWR), comparing the maximum and minimum pressure 
amplitude, is approximately eight. A SWR of unity represents an ideal traveling wave while 
a larger SWR (as observed in the simulation) reflects acoustic losses [23]. The drive ratio 
(DR) compares the pressure amplitude to the mean pressure. A DR of nearly 4.5% exists 
at the location of maximum pressure amplitude. The stub does not cause a change in 
pressure amplitude magnitude but rather a modification in the rate of pressure amplitude 
change. A steep change in phase difference is observed at the location of the stub.  
The simulated thermoacoustic engine acoustic pressure and volumetric velocity 
amplitude distributions are displayed in Figure 7.3a. Two minimums and maximums of 
velocity amplitude exist; one minimum is near the end of the cold heat exchanger just 
before the regenerator.  
 
      
                             (a)                                                                      (b) 
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                               (c)                                                                   (d) 
Figure 7.3: Thermoacoustic engine numerical results - (a) acoustic pressure and 
volumetric velocity distribution, (b) acoustic power, (c) acoustic pressure and acoustic 
velocity phases, and (d) impedance 
 
Increasing the regenerator’s cross-sectional area produces a decrease in the 
volumetric velocity. A sharp increase in the volumetric velocity amplitude is present at the 
regenerator and the stub. Thus, in the lumped impedance model, Figure 3.1, the regenerator 
has been modeled as a current source [20].  
The acoustic power distribution through the system is displayed in Figure 7.3b. 
Approximately 12.2 W of acoustic power enters the cold end of the regenerator and is 
amplified to 16.3 W. The heat exchangers and feedback network each dissipate a small 
amount of acoustic power. Figure 7.3c displays the acoustic pressure and volumetric 
velocity phases. In an ideal traveling wave, the pressure amplitude and volumetric velocity 
are in phase with each other. It is observed that the pressure and velocity phases are nearly 
in phase with each other at the regenerator location, which is desirable. However, the 
velocity and pressure amplitude are significantly out of phase in the feedback network 
which causes a high standing wave component and acoustic losses [23]. Lastly, Figure 7.3d 
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displays the acoustic impedance distribution. A high acoustic impedance, 18𝜌𝑚𝑎, is 
observed at the regenerator which is close to the desired 20𝜌𝑚𝑎 condition. A steep drop in 
the impedance is noticed at the stub location due to an increase in compliance.  
The acoustic sensors installed in the thermoacoustic engine feedback piping 
network may be utilized to compare experimental and simulated pressure amplitudes. 
Figure 7.4 displays the DeltaEC pressure amplitude simulation versus experimental 
pressure measurements.  
 
Figure 7.4: Comparison of simulated and experimental acoustic pressure for proposed 
thermoacoustic engine 
 
The experimental pressure amplitude measurements are in agreement with the simulated 
pressure amplitude distributions and validate the DeltaEC model for predictive 
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performance estimations of the experimental thermoacoustic engine. Please see Appendix 
A for the DeltaEC simulation parameters. 
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Chapter Eight 
EXPERIMENTAL FINDINGS 
The thermoacoustic engine was tested at a variety of heat input levels, with a 
maximum heat input of 450W for the initial hot heat exchanger configuration. The pressure 
amplitude and acoustic power produced by the engine is dependent on heat supplied to the 
system, but the maximum heat input level is dictated by the maximum service temperature 
of the heat cartridges, not by the maximum rated power of the heat cartridges. Figure 8.1 
displays the acoustic power produced as well as the temperature difference across the 
regenerator for the system configuration with copper mesh screens. The maximum thermal 
to acoustic efficiency of this single stage traveling wave thermoacoustic engine 
configuration is 7.2%, corresponding to 13.5% of the Carnot efficiency.  
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Figure 8.1: Acoustic power and temperature difference across the regenerator verses heat 
input for the thermoacoustic engine equipped with mesh screens 
 
The onset temperature difference between the hot end and cold end of the 
regenerator is 250 K. Figure 8.2 displays the startup characteristics of the thermoacoustic 
engine related to regenerator and heat exchanger temperatures. The onset of acoustic 
oscillations occurs at the location in which the temperature profiles change abruptly, 
denoted by the vertical line at 6.5 minutes.  
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Figure 8.2: Onset temperature of experimental system 
 
The thermoacoustic engine was also tested with the four copper screens removed 
from the hot heat exchanger. The acoustic power produced within the feedback network 
for various heat inputs without an external load is presented in Figure 8.3a; 32 W maximum 
acoustic power output was observed. 
Onset 
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                                 (a)               (b) 
 
                                  (c)                                                               (d) 
Figure 8.3: Thermoacoustic engine operational results - (a) acoustic power produced in 
the feedback network, (b) temperature difference across the regenerator, (c) temperature 
across the regenerator verses acoustic power produced in the feedback network, and (d) 
alternative hot heat exchanger acoustic power output 
 
The engine with copper mesh screens produced the greatest maximum acoustic 
power compared to the system without copper mesh screens. However, the thermoacoustic 
engine without copper screens produced greater acoustic power than the engine with 
screens at the same rated thermal input power and could operate at a lower heat input levels. 
Per Figure 8.3b, the engine equipped with copper mesh screens produced a lower 
temperature difference across the regenerator at larger input heat ratings. A higher 
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temperature difference is required the engine without the copper mesh screens (refer to 
Figure 8.3c). A steep trend of acoustic power over a small temperature difference range 
indicates low acoustic losses [18]. 
An alternative hot heat exchanger, shown in Figure 8.4, was designed and installed 
into the thermoacoustic engine, to replace the preliminary hot heat exchanger and 
regenerator outer shell. This new hot heat exchanger design allows system pressurization 
that increases performance. Additionally, the hot heat exchanger is constructed of stainless 
steel and incorporates fins to improve heat transfer with the working fluid. 
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Figure 8.4: Alternative hot heat exchanger design that incorporates additional fins for 
improved heat transfer. The regenerator shell is integrated into the alternative heat and 
four heat cartridges supply the thermal power.   This design allows for pressurization of 
the thermoacoustic system.
 
Preliminary testing of the alternative hot heat exchanger was performed at the same 
conditions of the initial thermoacoustic engine configuration. As shown in Figure 8.4d, the 
alternative hot heat exchanger increases the acoustic power output of the system to a 
maximum of 59 W; An 84% improvement in comparison to the thermoacoustic engine 
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with copper mesh screens. However, the resulting thermal to acoustic efficiency was 
reduced. This demonstrates an efficiency versus output power tradeoff for the new hot heat 
exchanger.  
The thermoacoustic engine configuration efficiencies are observed in Table 8.1. 
Higher thermal efficiencies were produced for larger input heat levels with and without 
copper mesh screens. Acoustic effects are squared in relation to increases in drive ratio. 
However, heat loss mechanisms do not square with increases in the drive ratio. Hence, high 
pressure amplitudes result in greater thermal efficiencies (to an undefined limit) [17].   
Table 8.1: Measured thermoacoustic engine efficiencies 
Configuration 𝜂 𝜂𝐶  𝜂𝑅 Ẇmax 
Copper mesh screens 5.9%-7.25% 53.6% 11%-13.5% 32 W 
Without copper mesh screens 4.2%-7.8% 56.7% 9%-14% 24 W 
Alternative HHX 4.36%-6.87% 64% 7.24%-11% 59 W 
 
The bi-directional turbine was placed at various locations within the stub, with 
lower performance at locations closer to the end cap. The optimal location of the turbine 
was inconclusive. Although functional, the bi-directional turbine produced an insignificant 
amount of power. Further system analysis and optimization efforts are required. 
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Chapter Nine 
CONCLUSIONS AND FUTURE WORK 
The theoretical design concepts, mathematical analysis, simulation, and 
experimental testing were performed for a single stage traveling thermoacoustic engine. A 
steep learning curve can be expected for a newcomer studying thermoacoustics, as it 
incorporates concepts spanning many complex engineering fields such as thermodynamics, 
acoustics, fluid dynamics, etc. The design concepts and build process presented provide a 
concise source of important thermoacoustic information necessary for an operational first 
build. The mathematical foundation of thermoacoustic systems was described and utilized 
in DeltaEC simulations of the experimental system, and the simulation results proved to 
accurately represent the experimental system.  
The thermoacoustic engine was capable of generating a 54 Hz acoustic wave with 
a thermal efficiency of 7.8% for a 300 W heat input. Several components underwent 
iterations due to fabrication or performance improvements. A maximum of 32.5W of 
acoustic power was generated at the axial mid-point of the feedback network for the initial 
54 Hz system, and the acoustic power was increased by 81.5% when an improved hot heat 
exchanger design was implemented. It was observed that larger heat input levels would 
increase the acoustic power output for all system configurations. A bi-directional turbine 
was installed to convert the acoustic power produced into electrical power. Although 
functional, the electric power produced by the turbine was insignificant for practical use. 
Simulating and building a first iteration thermoacoustic engine requires considerable time, 
but future system improvements can be accomplished quickly when components are 
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designed for easy removal or replacement.  
Even though the thermoacoustic system proved to be operational, many 
improvements can be pursued to improve the performance, cost, size, or other desirable 
aspects. The following suggested improvements have been generated from extensive 
research and intuitive understanding of the system:  
 
1. Tune the acoustic network to generate proper phase shift characteristics, thus 
providing increases in efficiency and performance.  DeltaEC simulations may assist 
in this optimization effort.  
2. Mathematically model and simulate the relationship of the bi-directional turbine 
and thermoacoustic system. DeltaEC may assist in proper matching of the 
thermoacoustic engine and load characteristics.  
3. Implement additional core stages to improve performance and/or lower the 
temperature gradient required for operation. Symmetric core stages and acoustic 
networks should be employed for a multiple stage thermoacoustic design to avoid 
complicated acoustic tuning [18].  
4. Modify the working fluid to improve performance, such as replacing with helium 
and/or increasing the mean pressure.  
5. Alter heat exchanger design to receive heat from an alternative source, such as 
concentrated solar or waste heat (steam).  
6. Reduce heat streaming effects to increase performance and efficiency. 
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APPENDICES 
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Appendix A: DeltaEC Simulation Model 
DeltaEC simulation model and results for the experimental 54 Hz thermoacoustic engine. 
71 
 72 
 
 
 73 
 
 
 74 
 
 
 75 
 
 
 76 
 
 
 77 
 
 
 78 
 
Figure A.1: DeltaEC model parameters 
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Figure A.2: DeltaEC results 
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Appendix B: LabVIEW Block Diagram 
LabVIEW block diagram for the experimental thermoacoustic engine’s measurement and 
control system. 
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Figure B.1: LabVIEW block diagram for control and measurement system 
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Appendix C: LabVIEW Front Panel  
LabVIEW front panel used to monitor and control the experimental thermoacoustic engine. 
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Figure C.1: LabVIEW front panel for control and measurement system 
  
 88 
Appendix D: Electrical Instrumentation Calibration  
Calibration charts of the electrical current and voltage transducers used to measure power 
supplied to the thermoacoustic engine’s hot heat exchanger. 
 
 
Figure D.1: Current transducer calibration chart 
 
 
Figure D.2: Voltage transducer calibration chart 
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Appendix E: Relevant MATLAB Codes  
MATLAB codes utilized to calculated various properties of the thermoacoustic engine. 
 
%Mitchell McGaughy 
%Thermoacoustic Research 
%1/14/2017 
%Acoustic Power 2 microphone method to calculated the acoustic power 
produced 
 
clear 
clc 
  
%Inputs: 
%Air 
%1 atm Pressure 
 
%Pressure amplitude of Sensor A 
PressureAmplitude_1=6725              %Pa  
 
%Pressure amplitude of Sensor B 
PressureAmplitude_2=6638              %Pa 
 
%Phase difference between Sensor A and Sensor B  
Phase_difference=5.11                 %Degree 
 
%Measured Frequency 
Frequency=54.09                       %Hz 
 
%Distance between Sensor A and Sensor B 
Distance=0.2956+0.2970                %meters 
 
%Measurements of feedback network duct (mean pressure, temperature, 
pipe radius) 
MeanPressure=101325                   %Pa 
Temp=80                               %Degree F 
PipeRadius=2.9/2                      %Inches^2 
  
  
R=287.058                             %Specific Gas Constant [J/(kg*K)] 
y=7/5                                 %Gas ratio of specific heat  
                                      %(7/5) for diatomic  
                                      %(5/3) for monatomic 
  
%Calculations (working fluid and feedback network properties): 
%Temperature Fahrenheit to Kelvin 
Tk=(Temp+459.67)*(5/9) 
  
%Specific heat [J/KgK] 
Cp=1.0049*1000 
Cv=0.7178*1000 
  
%Thermal Conductivity [W/mk] 
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k=2.624*10^-2 
  
%Dynamic Vsicosity [kg/m s] 
mu=1.846*10^-5 
  
%Density [kg/m^3] 
rho= MeanPressure/(R*Tk)  
  
%Speed of sound [m/s] 
a=sqrt(y*(MeanPressure/rho))      
  
%Area & Hydraulic Radius 
Area=pi*(PipeRadius)^2                         %inch^2 
HydraulicRadius=Area/(PipeRadius*pi*2)         %inches 
  
% Convert to SI units & change variables to short notation 
P1=PressureAmplitude_1                         %Pa   
P2=PressureAmplitude_2                         %Pa 
theta=Phase_difference*pi/180                  %rad 
w=Frequency*2*pi                               %rad/s 
r=PipeRadius*.0254                             %m 
A=Area*0.00064516                              %m^2 
rh=HydraulicRadius*0.0254                      %m 
x=Distance                                     %m 
  
%Viscous/Thermal Penetration Depth 
ThermPenDepth=sqrt((2*k)/(w*rho*Cp)) 
ViscPenDepth=sqrt((2*mu)/(w*rho)) 
VPD=ViscPenDepth 
  
%Prandtl Number 
Prandtl=(ViscPenDepth/ThermPenDepth)^2 
sigma=mu*Cp/k 
                             
%Acoustic Power Generated (W) {Simplified Formula} 
E_dot=(A/(2*w*rho*x))*P1*P2*sin(theta) 
  
%Acoustic Power Generated (W) {Alternate Formula} 
W_2mic=(A/(2*w*rho*x))*(((1-
(VPD/r))*P1*P2*sin(theta))+((VPD/(2*r))*(P1^2-P2^2))) 
  
%Acoustic Power Generated (W) {Extended Formula} 
W_a=(A/(2*rho*a*sin(w*x/a)))*((P1*P2*sin(theta))... 
*(1-(VPD/(4*rh))*(1-((y-1)/sqrt(sigma))+(1+((y-
1)/sqrt(sigma)))*w*x/a*cot(w*x/a)))... 
+(VPD/(8*rh)*(P1^2-P2^2)*(1-((y-1)/sqrt(sigma))+(1+((y-
1)/sqrt(sigma)))*w*x/a*csc(w*x/a)))) 
 
++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++ 
 
%Mitchell McGaughy 
%Thermoacoustic Research 
%2/22/2017 
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%Cold Heat Exchanger Porosity Calculation 
  
clear 
clc 
  
n=901                            %Number of channels in CHX 
d=0.125                          %Diameter of each channel [in] 
D=6.20                           %Diameter of CHX Cross-section[in] 
  
Phi=(n*pi*(d/2)^2)/(pi*(D/2)^2)  %Porosity of CHX 
 
++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++ 
 
%Mitchell McGaughy 
%Thermoacoustic Research 
%2/15/2017 
%Velocity & Displacement Amplitude Calculation of working fluid 
  
clear 
clc 
  
%Inputs: 
  
%Air 
f=53                   %Frequency [Hz] 
Pa=4850                %Pressure Amplitude [Pa] 
Pm=101325              %Mean Pressure [Pa] 
T=80                   %Temperature of Gas[F] 
r=0.03683              %Cross-Sectional Radius of piping [m] 
R=287.058              %Specific Gas Constant [J/(kg*K)] 
y=7/5                  %Gas ratio of specific heat  
                       %(7/5) for diatomic  
                       %5/3 for monatomic 
  
%Calculations: 
  
%Cross Sectional Area 
A=pi*r^2 
  
%Temperature Fahrenheit to Kelvin 
Tk=(T+459.67)*(5/9) 
  
%Density [kg/m^3] 
rho= Pm/(R*Tk)  
  
%Speed of sound [m/s] 
c=sqrt(y*(Pm/rho))      
                 
%Convert frequency to rad/s 
w=2*pi*f 
  
%Calculate Characteristic Acoustic Impedance 
Zo=rho*c 
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%Calculate Velocity Amplitude [m/s] 
ua=Pa/Zo 
  
%Calculate Volumetric Velocity Amplitude 
Ua=A*ua 
  
%Effective Velocity (for turbine design)[m/s] 
uo=ua/sqrt(2) 
  
%Calculate Gas Displacement Amplitude [m] 
Xa=ua/w 
%X=Pa/(rho*c*w) 
  
%Convert Gas Displacement Amplitude to inches 
X_inch=Xa*39.3701 
  
%Calculate Volumetric Velocity Amplitude (feedback pipe)[m^3/s] 
Q=ua*(pi*(.0737/2)^2) 
 
++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++ 
 
%Mitchell McGaughy 
%Thermoacoustic Research 
%3/4/2017 
%Acoustic Power Dissipation (Variable Acoustic Load) Calculations 
 
clear 
clc 
  
%Inputs: 
%Air 
%1 atm Pressure 
 
%Pressure amplitude of Sensor A 
PressureAmplitude_1=2440             %Pa 
 
%Pressure amplitude of Sensor B 
PressureAmplitude_2=320              %Pa 
 
%Phase difference between Sensor A and Sensor B 
Phase_difference=101                 %Degree 
 
%Measured acoustic Frequency  
Frequency=53.8                       %Hz 
 
%Working fluid and feedback network properties 
MeanPressure=101325                  %Pa 
Temp=80                              %Degree F 
PipeRadius=2.9/2                     %Inches^2 
  
R=287.058                            %Specific Gas Constant [J/(kg*K)] 
y=7/5                                %Gas ratio of specific heat  
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                                     %(7/5) for diatomic  
                                     %(5/3) for monatomic 
                                                
%Volume of Variable Acoustic Load Compliance 
WaterWeight=1028.8                   %grams 
V=WaterWeight*1*10^-6                %m^3 
  
%Temperature Fahrenheit to Kelvin 
Tk=(Temp+459.67)*(5/9) 
  
%Density [kg/m^3] 
rho= MeanPressure/(R*Tk)  
  
%Convert to SI units & change variables to short notation 
P1=PressureAmplitude_1               %Pa   
P2=PressureAmplitude_2               %Pa 
Beta=Phase_difference*pi/180         %rad 
w=Frequency*2*pi                     %rad/s 
pm=MeanPressure                      %Pa 
                                        
%Variable Acoustic Load Power Dissipation [W] 
W_Load=w*V*P1*P2*sin(Beta)/(2*y*pm) 
  
+++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++ 
 
%Mitchell McGaughy 
%Thermoacoustic Research 
%2/15/2017 
%Heat Removed by Cold Heat Exchangers 
  
clear 
clc 
  
%Water Properties 
rho= 1000       %density of water  [kg/m^3] 
cp=4.187*1000   %specific heat of water [J/kg/K] 
U=1              %Volume Flow Rate [gal/min] 
Tin=65.0609            %inlet Temperature  [F] 
Tout=65.5352           %Outlet Temperature [F] 
  
%Convert from gal/min to m^3/s 
U=U*6.30902e-5 
  
%Convert from Fahrenheit to Kelvin 
Tin=(Tin+459.67)*5/9 
Tout=(Tout+459.67)*5/9 
  
%Calculate Heat Removed [W] 
Qout=rho*cp*U*(Tout-Tin) 
 
++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++ 
 
%Mitch McGaughy 
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%Thermoacoustic Research 
%2/22/2017 
%Regenerator Porosity and Hydraulic Radius Calculations 
  
clear 
clc 
 
Copper Mesh Screens 
Mesh=120        %Mesh Per Inch 
Dw=.0026        %Inches 
  
%Calculations 
Porosity=1-(pi()*Mesh*Dw)/4 
Rh=Dw*(Porosity/(4*(1-Porosity))) 
 
++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++ 
 
  
%Mitchell McGaughy 
%Thermoacoustic Research 
%1/24/2017 
%Acoustic Wavelength and Frequency Calculation 
 
Clear 
clc 
 
c=343                            %[m/s] Speed of sound (air) 
wavelength=230*.0254             %inch 
frequency=53.9                   %Hz 
  
%Conversion of Wavelength to Frequency and visa versa 
freq_to_WAVE=c/frequency         %meters 
Wave_inch=freq_to_WAVE/0.0254    %convert to inches 
  
wave_to_FREQ=c/wavelength        %Hz 
 
  
 95 
Appendix F: Experimental System Component Dimensions 
Dimensional characteristics of important experimental system components 
 
Table F-1: Dimensions of experimental components 
Component Material Cross-Sectional Diameter (mm) Length (mm) 
Primary CHX Aluminum 155 22.2  
Regenerator Stainless Steel 157.5  22.6  
Heat Cartridge Incoloy Sheath 9.5  63.5  
HHX Stainless Steel 155  14.5  
Concentric 
Expander/TBT 
Stainless Steel 81-157 250  
2nd CHX Aluminum 81  29  
FBN PVC Sch 80 Piping 73  4800 
Stub PVC Sch 80 Piping 73  686 
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